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https://doi.org/10.1016/j.celrep.2021.109830SUMMARYFat stores are critical for reproductive success and may govern maturation initiation. Here, we report that
signaling and sensing fat sufficiency for sexual maturation commitment requires the lipid carrier apolipo-
phorin in fat cells and Sema1a in the neuroendocrine prothoracic gland (PG). Larvae lacking apolpp or
Sema1a fail to initiate maturation despite accruing sufficient fat stores, and they continue gaining weight until
death. Mechanistically, sensing peripheral body-fat levels via the apolipophorin/Sema1a axis regulates
endocytosis, endoplasmic reticulum remodeling, and ribosomal maturation for the acquisition of the PG
cells’ high biosynthetic and secretory capacity. Downstream of apolipophorin/Sema1a, leptin-like upd2 trig-
gers the cessation of feeding and initiates sexual maturation. Human Leptin in the insect PG substitutes for
upd2, preventing obesity and triggeringmaturation downstream of Sema1a. These data show how peripheral
fat levels regulate the control of the maturation decision-making process via remodeling of endomembranes
and ribosomal biogenesis in gland cells.INTRODUCTION
The initiation of sexual development is correlated with profound
changes in hormonal secretory activities of the pituitary gland in
vertebrates and the steroidogenic prothoracic gland (PG) in in-
sects. The actual trigger of sexual maturation is still undefined,
but a pervasive factor controlling this transition is nutrition, or
the mechanism that is coupled with attaining a critical or minimal
body size, weight, or fatness (Kaplowitz, 2008). In rodents, the
initiation of sexual maturation is linked to the body’s energy state
and growth (Baker, 1985; Kennedy and Mitra, 1963). In humans,
puberty is delayed by anorexia nervosa (Katz and Vollenhoven,
2000) and intensive physical training (Frisch and Revelle, 1970)
and is accelerated in overweight and obese children (Ahmed
et al., 2009). These observations support the hypothesis that a
body-fat ‘‘checkpoint’’ ensures that growing juveniles do not
commit to reproductive maturation unless they have adequate
energy stores to meet the demands of reproduction (critical
fatness hypothesis) (Kaplowitz, 2008). The association is sup-C
This is an open access article under the CC BY-Nported by observations in humans andmice deficient for the hor-
mone leptin, which is made by fat cells, signals satiety, and is
also required for sexual maturation (Clément et al., 1998; Fried-
man and Halaas, 1998; Montague et al., 1997), because such a
deficiency of leptin or its receptor delays puberty or completely
fails its initiation, accompanied by hyperphagia and progressive
obesity.
In insects, the commitment to metamorphosis and sexual
maturation is unequivocally dependent on nutrition. Growing
larvae must attain a certain ‘‘critical weight’’ (CW; Nijhout and
Williams, 1974) before metamorphosis is possible. Once larvae
surpass it, a still ill-defined process is set in motion that leads
to a small release of the steroid prohormone ecdysone from
the PG (the ‘‘commitment’’ pulse; Berreur et al., 1979) and culmi-
nates about 2 days later with another surge of ecdysone,
believed to be the trigger to cease feeding, initiate wandering,
and enter into the pupal stage (Yamanaka et al., 2013) (Fig-
ure 1A). No morphological correlates with the CW point have
yet been identified.ell Reports 37, 109830, October 12, 2021 ª 2021 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Identification of candidate factors for the critical weight (CW)-sensing mechanism for maturation commitment
(A) Diagram representing feeding larvae and fat body as they become irreversible committed to maturation after exceeding the CW. Post-CW larva continues to
grow and feed for another 24–36 h, then stops feeding and starts pupal formation. Starving before CW prevents the attainment of sufficient fat for this pupal
commitment. It is hypothesized that failure to sense energy reserves would keep larvae in pre-CW, resulting in juvenile obesity phenotype similar to that of Leptin
mutants.
(legend continued on next page)






OPEN ACCESSThe PG grows progressively during the last larval stage (third
instar in Drosophila melanogaster) (Caldwell et al., 2005; Mirth
et al., 2005) through a nutrient-dependent endoreplication pro-
cess that is mediated by the conserved insulin/phosphoinositide
3-kinase (PI3K) and target of rapamycin (TOR) pathways
(Koyama et al., 2014; Ohhara et al., 2017). Larval starvation, or
genetic manipulation of insulin/PI3K and TOR signaling in the
PG, impairs gland size and overall larval growth, preventing or
delaying the acquisition of the threshold of weight for the onset
of metamorphosis (Caldwell et al., 2005; Colombani et al.,
2005; Mirth et al., 2005). This insulin/TOR control temporally co-
incides with the CW point, meaning the CW is indistinctly
referred to as a critical size or weight checkpoint. Body weight
largely correlates with fat content (Church and Robertson,
1966a), but little is known about how body fat is signaled and
sensed in insects for the commitment to maturation.
Macropinocytosis is an evolutionarily conserved endocytic
mechanism normally involved in the uptake of fluids, nutrients,
and macromolecules (Palm and Thompson, 2017). It is also
used for the uptake of steroid hormone precursors by PG cells
during the feeding period (Blazsek and Mala, 1978). Macropino-
cytosis can occur spontaneously or be a regulated process often
involving Rab family proteins (Bloomfield and Kay, 2016; Swan-
son, 2008). The release of synthesized steroid hormones then
occurs by a reverse process involving exocytosis and vesicle
trafficking (Cruz et al., 2020; Yamanaka et al., 2015). The uptake
and release processes are not simultaneous, but the signals that
time the order of these processes are not known.
To link biosynthesis with secretion for triggering sexual matu-
ration, mechanisms controlling transcription, translation, and
secretion need to be coupled in a switch-like manner. It has
been shown recently that the ecdysone surges from the PG after
the CW point are coincidental with synchronous and global
changes in gene expression dynamics (Andres et al., 1993; Grav-
eley et al., 2011; Lockett and Ashburner, 1989), including
changes in ribosomal genes. Ribosomes are the essential ma-
chinery for protein synthesis, and ultrastructural analysis of
third instar PGs before and during high secretory activity has
shown that ER membranes undergo major remodeling and
enrichment in ribosomes via unknown mechanisms (Aggarwal
and King, 1969; Dai and Gilbert, 1991). Ribosome biogenesis is
regulated by starvation, but the essential nutrient cues and
signaling pathways mediating nutritional control of translation(B) Shown areRNAi knockdown of apolpp, Fatp2,Sema1a, and upd2 in the fat bod
shown in Figure 7) or endogenous mutations of Sema1a. Shown are representa
human Leptin expression in phm > Sema1ai and phm > upd2i larvae.
(C) Time course of larval weight in control phm> (black line) and Sema1ai (blue li
(D) Larval weight of control ppl> and apolppi.
(E) Schematic of tested enzymes participating in fatty acid synthesis, storage, an
(F) Heatmap of qRT-PCR data in control, Sema1ai, and apolppi mutants.
(G) Pseudocolored super-resolution images of larval brains of phm> at 112 h
membranes (anti-Dlg) and neutral lipids (Nile Red).
(H) Cholesterol levels in the fat body and circulating hemolymph in the indicated
(I) Pseudocolored super-resolution images and quantifications of C values of PG
(J) 1H-NMR signal for triacylglycerol levels over time (and Table S5).
(K) Bmm/ATGL in control and mutants.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired t
(n = 20–30) of genotypes and age are shown. L3F, feeding third instar larvae; L3in D. melanogaster larvae remain incompletely understood
(Nagarajan and Grewal, 2014). Enhanced ribosome biogenesis
is positively correlated with maturation in some insects (Wang
et al., 2017), and inactivation of a ribosomal protein, RpS6, de-
lays metamorphosis and reduces ecdysone synthesis (Lin
et al., 2011). However, despite the importance of insulin/PI3K/
TOR in protein synthesis and PG cell growth (Mirth and Riddi-
ford, 2007), activation of the canonical effector of TOR signaling
the ribosome regulator S6 kinase cannot rescue the loss of insu-
lin/TOR activity in the PG (Koyama et al., 2014; Ohhara et al.,
2017). Another regulator of ribosome biogenesis and protein
synthesis is Myc; it is also not necessary for the PG-related
maturation process (Li et al., 2010). Thus, the gene(s) involved
in ribosome biogenesis and maturation during CW remains
unknown.
To investigate how critical body weight is signaled and sensed
for maturation commitment in D. melanogaster, we used RNA
interference (RNAi;RNAi)-based screens to identify (1) genes en-
coding nutrient transporters and (2) secreted and transmem-
brane proteins whose silencing resulted in a failure to initiate sex-
ual maturation despite sufficient body weight being attained.
RESULTS
Lipid transporter genes link adiposity to maturation
initiation
The mechanisms that represent overall body weight or energetic
status, endocrine or otherwise, are not yet defined in insects.
This is, in part, because loss of leptin-like hormone upd2 in the
fat body (equivalent to adipose tissue in vertebrates) does not
phenocopy the expected obesity and failure of puberty seen in
Leptin mutations in rodents and humans (Clément et al., 1998;
Friedman and Halaas, 1998; Rajan and Perrimon, 2012).
To identify what macronutrient(s) may be sensed by the PG for
pupal commitment, we used RNAi to systematically knock down
nutrient transporter genes for lipids, amino acids, and carbohy-
drates (Musselman et al., 2011) in the PG using phantom
(phm)-Gal4.
Silencing (seven independent slif RNAi lines tested) the
cationic amino acid transporter slimfast (slif), which is proposed
to act in amino acid sensing and TOR activation in the fat body,
did not prevent larval-pupal transition (Figure S1A). Lines were
verified to produce the expected effect in the fat bodyy (ppl > apolppi) or in the PG (phm>Sema1ai;phm> Fatp2i and phm>upd2i are
tive animals at 12 days AEL and control pupae (ppl> and phm>). PG-specific
ne).
d oxidation.
and Sema1ai at 256 h AEL (left) and quantification of fat depots (right). Cell
genotypes and ages.
nuclei (left) and nuclear size (right) of the indicated genotypes and ages.
test except two-way ANOVA in (F). In all panels, representative larvae or pupae
W, wandering larvae; P, pupae.
Cell Reports 37, 109830, October 12, 2021 3
Article
ll
OPEN ACCESS(Figure S1A; Table S1). Silencing other cationic amino acid trans-
porters (CG5535, CG7255, CG12531, G13248, and tadr) also
had no effect (Table S1). Silencing sugar transporters (Glut1
and Glut3, sut1-sut4, Tret1-1, and Tret1-2) also did not prevent
the larval-pupal transition (Table S1). This suggested that the
PG may sense other nutrient types.
Indeed, silencing the member of the SLC27 family of fatty acid
sensing, Fatty acid transporter protein 2 (Fatp2), which is a key
transporter of long-chain fatty acids, in the PG resulted in larvae
that never left the food and continued growing and gaining
weight until death (Figure 1B) analogously to the effects of Lep-
tin/LepR loss in patients and mice.
These data hint at a fat-sensor mechanism in the larval PG
coordinating body weight and growth for pupal commitment.
RNAi-based screen for genes signaling and sensing
adiposity to maturation initiation
Inspired by Leptin/LepR mutants (Figure 1A), we devised an un-
biased RNAi-based screen to identify genes that, when silenced,
produce animals unable to monitor adiposity for commitment to
metamorphosis despite reaching sufficient body weight (Fig-
ure S1B). To identify candidate adiposity signaling/sensing, we
screened a random set of genes encoding secreted and trans-
membrane proteins (Table S2).
mir-8-Gal4 was selected to drive RNAi lines simultaneously in
the fat body [equivalent to mammalian adipose tissue and liver
(Arrese and Soulages, 2010)], PG (Figures S1B–S1D), and cortex
glia (Morante et al., 2013). Hits were retested in a secondary
screen for fat-body-specific knockdown using pumpless (ppl)-
Gal4 (Zinke et al., 1999), and phm-Gal4 (Ono et al., 2006) and
spookier (spok)-Gal4 (Moeller et al., 2017) for PG-specific knock-
down (see Figures 1B, S1B, and S1E).
In this way, we selected the lipid carrier apolipophorin
(apolpp), the axon guidance protein Semaphorin1a (Sema1a),
and TGF-a spitz (spi) as candidate genes for adiposity signaling
and CW sensing for metamorphosis commitment (Table S2). spi
was identified recently as a regulator of ecdysone (Cruz et al.,
2020). We validated Sema1a using endogenous mutations
Sema1aMI00031-GFSTF.2 (Nagarkar-Jaiswal et al., 2015) and
Sema1aP2 (Yu et al., 1998) in pupal commitment (Figure 1B).
Remarkably, the functional analog of human Leptin (Rajan and
Perrimon, 2012), upd2, was also identified (Figures 1A and S1F
and see below). Validating our screen design, human Leptin ex-
pressed in the PG rescued both the non-pupating and obesity
phenotype of upd2i and Sema1ai (Figure 1B).
Non-pupating with massively obese phenotype
Apolpp, a member of the ApoB family (also known as lipophorin,
lpp, Rfabp, or Rfabg) (Kutty et al., 1996), is the protein moiety of
lipophorin and the main lipid carrier in insects (Palm et al., 2012).
Lipophorin particles complexed with apolpp protein carry the
bulk of hemolymph lipids and sterols and are exclusively pro-
duced by fat-body cells in proportion to fat content (Arrese
et al., 2001; Palm et al., 2012). Thus, apolpp is a strong candidate
to mediate adiposity information.
Knockdown of apolpp via mir-8-Gal4 results in small larvae
(Figure S1E), equivalent to the effects of starvation. However,
a weaker knockdown via ppl-Gal4 allowed (ppl > apolppi,4 Cell Reports 37, 109830, October 12, 2021hereafter apolppi) larvae to gain weight but failed to undergo
metamorphosis (Figure 1B; see comments in Figure S1E).
Four independent RNAi lines were tested. PG-specific
silencing of apolpp did not affect metamorphosis or weight
(Figure S1E). Thus, fat-body-derived lipids, lipophilic mole-
cules, or apolpp itself is crucial for the maturation commitment
decision process in Drosophila.
Sema1a is a repulsive axon guidance (Yu et al., 1998), and its
silencing in the PG uncovered its central role for sexual matura-
tion commitment acting in the PG (Figures 1B, S1E, and S1F).
Mammalian semaphorins also regulate puberty onset through
the control of the maturation neuroendocrine system (Känsä-
koski et al., 2014). Intriguingly, Sema1a protein was shown phys-
ically to interact with apolpp in embryos (Rees et al., 2011),
consistent with Sema1a and apolpp sharing a common non-pu-
pating phenotype.
Sema1ai phenotype is rescued by the expression of full-length
(FL) Sema1a cDNA (Jeong et al., 2012) (Figures S1G and S1H,
and see Figure S1I). Because membrane-bound semaphorins
are capable of bidirectional signaling (Hernandez-Fleming
et al., 2017; Jeong et al., 2012), serving as both ligand and recep-
tor, we investigated whether Sema1a may act as a receptor or
ligand in this process. Sema1a lacking the carboxy-terminal
intracellular domain acted as a dominant-negative receptor
(Jeong et al., 2012) phenocopying Sema1ai and endogenous an-
imals (phm > Sema1aECD; Figures S1H and S1J), consistent with
Sema1a acting as a receptor. Neither the canonical Sema1a li-
gands, Sema2a and Sema2b, nor the canonical receptors, plexin
A andB (Yazdani and Terman, 2006), phenocopy phm >Sema1ai
(hereafter Sema1ai; Figure S1J; Table S3). Thus, the function of
Sema1a in the PG is non-canonical.
Obesity in non-pupating larvae is associated with signs
of chronic starvation
We performed time-course analyses of weight gain (Figures 1C
and 1D) and growth (Figures S1K and S1L) in Sema1ai and
apolppi. The body mass and size of these animals increased at
a rate similar or slightly slower to that of control larvae. However,
whereas the control larvae stopped feeding and growing at 120 h
after egg laying (AEL) (Church and Robertson, 1966a), Sema1ai
and apolppi larvae continued growing until they reached a
plateau (Figure 1C).
Sema1ai larvae are opaque, suggesting excess fat accumula-
tion (Woods et al., 1998). We measured the expression of genes
participating in lipid homeostasis (Figure 1E) and global energy
reserves and metabolites related to energy production using
1H nuclear magnetic resonance spectroscopy (NMR) (Tables
S4 and S5). Compared with control larvae, Sema1ai larvae
showed higher expression of lipogenic-related genes, including
sterol regulatory element binding protein (SREBP), acetyl-CoA
carboxylase (ACC), long-chain fatty acyl-CoA synthetase
(Acsl), acyl-CoA synthase bubblegum (bgm), and fatty acid syn-
thase (FAS) (Figure 1F), aswell as severe dyslipidemia (Figure 1G)
and hypercholesteremia (Figure 1H). Drosophila is a cholesterol
auxotroph (Hobson, 1935), and all transport of dietary choles-
terol to tissues requires apolpp (Palm et al., 2012). Stores
measured directly in fat bodies and circulating cholesterol
were higher in the mutant than in control larvae. Judging by their
Article
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bolism for membrane construction (Kunte et al., 2006), Sema1ai
larvae probably have no deficits in the absorption of cholesterol
and lipids. Remarkably, however, Sema1ai PG cells do not inter-
nalize fat-derived apolpp (see below). Sema1aiPGs are distinctly
different from those with knockdown in the insulin/TOR path-
ways in that we did not detect any alteration in the size or endor-
eplication of the PG cells (Figure 1I and see below), which has
been mechanistically linked to metamorphosis failure caused
by insulin/TOR knockdown (Layalle et al., 2008; Ohhara et al.,
2017).
Despite levels of triacylglycerol being significantly greater in
the mutant as measured using 1H-NMR (Figure 1J; Table S5),
obese Sema1ai larvae showed metabolic alterations seen in
starved animals. For example, levels of adipose triglyceride
lipase (ATGL or PNPLA2) brummer (bmm), a central lipase in
breaking down fat depots into free fatty acids (Grönke et al.,
2005), were significantly higher in 12-day-old Sema1ai larvae
than in lean control larvae (Figure 1K).
In summary, despite gaining at least three times the weight
needed for maturation, Sema1ai larvae failed to commit to meta-
morphosis. This massive fat storage is associated with starva-
tion-like changes, supporting that lack of Sema1a in the PG
makes larvae unable to sense body energy stores.
Chronic food intake independent of insulin signaling
Obesity could be secondary to the arrest in pre-CW. Supporting
this idea, Sema1ai and upd2i larvae never exited the food. Using
colored food that is retained in the gut for only 1 h approximately,
we confirmed that mutant larvae continued eating, even after
reaching massive weight (Figure 2A), reminiscent of the chronic
food-seeking behavior in Leptin/LepR mutants (Friedman and
Halaas, 1998; Gueorguiev et al., 2001).
To further examine this chronic feeding, we measured carbo-
hydrate metabolism and insulin signaling (Figure 2B). Sema1ai
larvae that stayed in the third instar stage for 8–12 days had
elevated hemolymph glucose levels (Figure 2C), 52% more
than control larvae at 256 h, but continued feeding. Overall car-
bohydrate stores (glycogen; Figure S2A), circulating trehalose
(Figure S2B), and free amino acids (Figures S2C and S2E) in
Sema1ai mutant larvae were similar to or slightly higher than in
control larvae (Tables S4 and S5).
Chronic feeding in the Sema1ai larvae, despite hyperglycemia,
could reflect a glucose or insulin resistance syndrome. Glucose
sensing and clearance is known to rely on hexokinase C (Hex-C),
the homolog of the maturity-onset diabetes of the young
(MODY-2) gene (Mattila and Hietakangas, 2017). Elevated
Hex-C mRNA levels in Sema1ai larvae (Figure 2D) indicate
normal glucose regulation. Compared with control animals,
mutant larvae had significantly upregulated expression of phos-
phoglycerate mutase (PGAM1) and phosphoenolpyruvate car-
boxykinase 1 (Pepck1) enzymes (Figure 2D) and changes in me-
tabolites, such as citrate (Figure S2D; Table S4), that participate
in gluconeogenesis.
Although diet-induced obesity has been associated with
insulin resistance (Musselman et al., 2011), obesity in Sema1ai
animals occurred without measurable impairment in the insu-
lin/insulin-like growth factor signaling (IIS) pathway (Figure 2E).Expression of the major insulin/IGF-like peptides (ILPs), Ilp2,
Ilp3, and Ilp5 (Figure 2E), which mediate systemic growth and
metabolic regulation (Grönke et al., 2005), was normal or slightly
lower in Sema1ai larvae at 112 h than in control larvae. Ilp3 was
elevated in older Sema1ai larvae (Figure 2E). Measurement of
ILP2 accumulation in insulin-producing cells did not detect ab-
normalities in Sema1ai animals (Figures 2F, 2G, and 2I). Reten-
tion of ILP2, albeit small, was observed in the upd2i condition
(Figures 2H and 2I). However, this did not translate to measur-
able changes in IIS. This shows that defects cannot be attributed
to abnormal ILP2 secretion or signaling.
Activated insulin receptor (InR) inhibits the forkhead transcrip-
tion factor FOXO (Eijkelenboom and Burgering, 2013). Because
such expression levels of the FOXO target genes serve as a
readout of the systemic IIS pathway, InR, 4E-BP/Thor, and Ilp6
were reduced in Sema1ai larvae (Figure 2E). Larvae apolppi
showed normal systemic IIS signaling (Figure 2E).
Sema1a is essential for progression through the CW
point
To further verify that Sema1a is required at the CW checkpoint
(Figure 3A; Rewitz et al., 2013), we temporally control Gal4/
RNAi using the thermosensitive Gal80 repressor construct (tub-
Gal80ts; McGuire et al., 2003), which allows resolution analysis
of gene activity in relation to the CW (e.g., Ohhara et al., 2017).
Larvae with depleted Sema1a in the PG only after CWmetamor-
phosed at identical time and weight as control (Figure 3B),
demonstrating that Sema1a is specifically required for CW,
and that obesity is a secondary consequence of failure to prog-
ress through the CW.
Activation of nutrient-sensing insulin/TOR or PTTH/Ras
pathways in the PG does not correct Sema1a defects
We next asked whether activation of insulin/TOR (Koyama et al.,
2014; Ohhara et al., 2017; Yamanaka et al., 2013) (Figure S3A)
and the PTTH/Torso/Ras (Caldwell et al., 2005; McBrayer
et al., 2007; Rewitz et al., 2009) pathways, known to stimulate
ecdysone biosynthesis, could bypass the Sema1a requirement
(Figure 3C). Neither IIS/TOR nor RasV12 (or of the constitutively
active Torso receptor (Rewitz et al., 2009) or of S6K, S6KTE,
and Rheb) corrected for the larval arrest and obesity caused
by Sema1a depletion (Figures 3C and S3A; Table S3). This
shows that Sema1a is an absolute requirement for progression
through the CW commitment point.
Giant arrested Sema1ai larvae progress toward
metamorphosiswhen ecdysone is supplied exogenously
The attainment of CW is followed 24–36 h later by a rise in the
expression of ecdysone biosynthetic genes phm and disembod-
ied (dib), but Sema1ai larvae did not show this increase (Figures
3D and S3B) or the expected increase in the ecdysone target
genes, EcR and E75 (Figures 3D and S3B), which reflect failure
in ecdysone production.
We attempted to rescue Sema1ai non-pupating and obesity
defects by oral steroid prohormone supplementation. Feeding
Sema1ai larvae at 72 h, either the prohormone a-ecdysone,
which is normally converted into the active form 20-hydroxyec-
dysone (20E, formerly b-ecdysone) in peripheral tissues, or theCell Reports 37, 109830, October 12, 2021 5
Figure 2. Non-pupating, obese larvae show chronic feeding and starvation response
(A) Food intake of control, Sema1ai, and upd2i at the indicated ages.
(B) Schematic of examined enzymes involved in gluconeogenesis and glycolysis.
(C) Hemolymph glucose levels in control and Sema1ai.
(D) qRT-PCR data of Hex-C, PGAM1, and Pepck1.
(E) qRT-PCR expression of insulin/FOXO signaling components.
(F–H) 3D reconstruction of super-resolution images of anti-ILP2 in brain neurosecretory cells (green).
(I) Quantification of ILP2 fluorescence intensities.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired t test. Scale bar, 10 mm. ns, non-significant.
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phose (Figures 3E and S3C).
Remarkably, the giant Sema1ai larvae had small imaginal
discs: the epithelial tissues that form the adult pharate (Figures
S3E and S3F). The growth-stunted discs did not activate a size
checkpoint mediated by the relaxin hormone Ilp8 (Garelli et al.,
2012; Figure S3D), and neither could silencing Ilp8 (tubulin-a >
Sema1ai > Ilp8i) correct the developmental arrest of Sema1ai
larvae (Table S3). This indicates that Sema1ai larvae are arrested
before this size checkpoint (Yamanaka et al., 2013). Growth-
stunted imaginal disc in other giant, non-pupating mutants is
linked to lack of ecdysone (Gibbens et al., 2011). Consistently,
exogenous ecdysone administration re-activated this growth in
12-day-old giant Sema1ai larvae yielding to gigantic pharates
(Figure 3E). In sum, although Sema1ai PG cells do not produce
ecdysone, peripheral tissues can convert the prohormone into
its active form and are competent to respond to 20E.6 Cell Reports 37, 109830, October 12, 2021Ontogenetic analysis of PG cell maturation using super-
resolution imaging
Hence we performed a developmental time-course analysis of
PG cell membranes in control and mutants using super-resolu-
tion imaging at two carefully staged time points: 72 h AEL, which
in control larvae are at pre-CW, and 112 h (wandering stage in
our culture conditions).
First, we verified that fat-body-derived apolpp reached and
entered PG cells (Figures 4A and 4B and insets) (Igarashi et al.,
2018; Kutty et al., 1996). We confirmed apolpp was of fat body
origin because apolpp staining disappeared from PGs of larvae
with knockdown of apolpp in the fat body (ppl > apolppi) (Fig-
ure 4D). Apolpp is retained in the plasma membrane of Sema1ai
PGs (Figure 4C), and its expression is also regulated by the CW
via Sema1a. Thus, although the attainment of CW was followed
by a rise in the expression of apolpp in control larvae, levels re-
mained low in Sema1ai mutants (Figure 4F). These observations
Figure 3. Relationship of the CW checkpoint with other developmental checkpoints
(A) Timeline of developmental checkpoints for the onset of metamorphosis.
(B) Depletion of Sema1a after CW does not prevent larval-pupal transition (phm > Sema1ai; tub-Gal80ts).
(C) Expression of Pteni or RasV12 in phm > Sema1ai.
(D) Phm, E75, and EcR mRNA transcript levels analyzed by qRT-PCR.
(E) Pupa resulting after administration of pro-ecdysone (aE) at 72 h and at 256 h AEL.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired t test. Representative larvae or pupae (n = 20) are shown.
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PG. Given that inhibiting lipid transport in the PG via Fatp2
knockdown precludes the transition through the CW, we
reasoned that lipids are at the core of the maturation commit-
ment decision.
Mammalian semaphorins act in endocytosis and exocytosis,
membrane remodeling, and trafficking (Alto and Terman,
2017). Macropinocytosis, a regulated endocytosis, is known to
facilitate the uptake of large macromolecules, such as lipopro-
tein particles. Ultrastructural evidence indicates macropinocyto-
sis-like events in early PGs (Aggarwal and King, 1969; Dai and
Gilbert, 1991).
To functionally assess endocytosis in Sema1ai, we blocked
endocytosis via the small GTPase Rab5 (Kiral et al., 2018) and
found it mimicked the effect of Sema1ai (Figures 4E and 4G).
Importantly, enforced expression of Rab5 fully rescued the
Sema1ai defects (phm > Sema1ai > Rab5) (Figure 4G). Thus,
endocytosis is a prerequisite for the CW downstream of Sema1a
(Figure 4H).
We hypothesized that uptake of critical circulating signals,
such as lipid/apolpp, provides the trigger for CW. To link this
to ecdysone production and/or secretion, we examined whenPG acquires its secretory capacity. We marked the plasma
membrane using mCD8::GFP, which contains a KDEL [(Lys
(K)-Asp (D)-Glu (E)-Leu (L)] endoplasmic reticulum (ER) retention
signal (Lee and Luo, 2001). Remarkably, in pre-CW PGs,
mCD8::GFP is retained intracellularly (Figure 5A and insets)
and co-localizes with the ER marker Sec61beta (Summerville
et al., 2016), but the GFP signal is clearly cortical post-CW (Fig-
ure 5B and insets). In the obese non-pupating Sema1ai larvae,
the PGs maintain a persistent cytoplasmic mCD8::GFP (Figures
5C and 5D and insets).
PLCd (phospholipase C delta)-PH (pleckstrin homology
domain)-EGFP (enhanced green fluorescent protein) (Verstreken
et al., 2009) allows to label lipids at the plasma membrane to
report phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) levels
in vivo (Várnai and Balla, 2006). Analysis revealed extensive
expansion of the plasma membrane of mutant PG cells
compared with control cells (Figures 5E and 5F), consistent
with imbalance in endo/exocytosis in Sema1ai.
To monitor the secretory capacity of PG cells, we used a
secreted GFP protein construct (secGFP; Entchev et al., 2000).
In pre-CW PG, secGFP was detected as bright, discrete signals
in intracellular granules (Figure 5I and insets), whereas later in theCell Reports 37, 109830, October 12, 2021 7
Figure 4. Internalization of apolpp and endo-
cytosis in CW transition
(A–C) Apolpp protein (green) within the PG at 72 h (A)
and 112 h AEL (B), and retention in the plasma
membrane (C) by super-resolution microscopy.
(D) Apolpp labeling in PG from ppl > apolppi larvae.
(E) Retention of apolpp at cell membrane inRab5DN.
Nuclei (DAPI, gray) and cell membranes (anti-Dlg,
red).
(F) Apolpp transcripts measured by qRT-PCR.
(G) Larvae phm > Rab5DN and rescue pupae phm >
Sema1ai > Rab5.
(H) Hypothesis of Rab5-mediated lipophorin/apolpp
particle uptake leading to the acquisition of
biosynthetic and secretory activity in PG cells.
Data are mean ± SEM. *p < 0.05, unpaired t test.
Representative larvae or pupae (n = 20). Scale bars,
20 mm; 10 mm (in insets).
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cence distributed in discrete cytoplasmic granules close to the
plasma membrane (Figure 5J and insets). The PGs of Sema1ai
(Figure 5K and insets) and apolppi (Figure 5L and insets) larvae
had strong cytoplasmic GFP (quantification in Figure 5M). To
accomplish this analysis, we combined apolppi with phm-Gal4
(note depleting apolpp in the PG has no phenotypical conse-
quence; Figure S1E). We verified the defective secretory capac-
ity of Sema1ai PG cells bymeasuring circulating GFP in larval he-
molymph (Figure 5N). Sema1ai defects were further verified
using Syt::GFP (Figures 5G and 5H). As expected, Sema1ai
and upd2i larvae fail to produce and secrete ecdysone as seen
using ELISA (Figure 5O). Moreover, the size of vesicles contain-
ing secGFP was also altered in the fat body in apolppi (Figures
S4A–S4C), as expected from the role of apolpp in lipid particle
formation (Palm et al., 2012). Collectively, these data clarify
events in the acquisition of high secretory capacity (Figure 5P).
Ribosomal maturation at CW progression
A smooth-to-rough ER transition occurs during the progression
from early to mid-third-instar larvae in the PG (Aggarwal and
King, 1969; Dai and Gilbert, 1991). At the global level, translation
increase during this transition (Church and Robertson, 1966b;
Graveley et al., 2011) and a global reduction of ribosomal genes
impairs growth in many animal species (Narla and Ebert, 2010).
In other insects, ribosomal maturation has been linked to the
CW (Lin et al., 2011). Increases in the translation machinery8 Cell Reports 37, 109830, October 12, 2021may accelerate protein synthesis in highly
demanding conditions, such as those in
which enzymes for hormone pulses need
to be upregulated.
We noted that the transcription of Rp49
ribosomal gene increases significantly
after CW, but not in Sema1ai larvae (Fig-
ure S5A). Using Cytoscape 3.8.0 to
assemble the Sema1a interaction network
based on interactions retrieved from
STRING and DroID, we found a significant
number of nuclear and ribosomal genesassociated with protein translation (e.g., RpL12, RpL9, RpS16,
RpS5b, Sbp2, eIF3a, La) as gene sets participating in Sema1a-
related processes (Figure 6A). A nuclear role is also supported
by our findings using a Sema1a antibody (Yu et al., 1998) that
Sema1a is prominently localized in the nucleus in a crescent
pattern (Figures 6B and S5B), adjacent to the nucleolus (Figures
S5E and S5F), and at low levels in the cytoplasm in discrete
puncta. The Sema1a protein pattern is not affected by depletion
of apolpp in the fat body (Figure S5C), but it was absent in
Sema1a knockdown (Figure S5D).
To functionally link nuclear Sema1a to ribosome biogenesis
and protein translation, we used the GFP-tagged large-subunit
Ribosomal protein L10a (GFP-RpL10Ab; Thomas et al., 2012).
In pre-CW, GFP-RpL10Ab remainedmainly in the nucleolus (Fig-
ure 6C), but after CW, GFP was localized both in the nucleolus
and in the cytoplasm (Figure 6D). Surprisingly, overexpression
of GFP-RpL10Ab corrected Sema1ai defects (Figure 6E) and
obesity and maturation arrest (Figure 6F), with 80% (62/77) of
animals eclosing as adults. GFP-RpL10Ab overexpression pro-
duced by itself a 24- to 26-h puparium delay (Figure 6F). A
10% rescue was observed with the RpL0-like gene, but not
with other genes, such as RpL3 or RpS13 (Figure S5G), indi-
cating that RpL10Ab and RpL0-like ribosomal proteins have
non-redundant functions in this process.
Consistently, knockdown of RpL10Ab (Figure 6F), RpS3,
RpS6, or RpS13mimicked Sema1ai obese non-pupating pheno-
types (Figure S5H). Furthermore, the attainment of CW follows
Figure 5. Fat-derived apolpp in the PG and Sema1a trigger cellular trafficking for secretory competence
(A and B) Control phm > tdTomato-Sec61b > mCD8::GFP at 72 h (A and inset) and 112 h (B and inset).
(C and D) Cytoplasmic retention ofmCD8::GFP (inset) in phm > tdTomato-Sec61b >mCD8::GFP > Sema1ai at 112 h (C) and 256 h (D). Nuclei (DAPI, gray) and cell
membranes (anti-Dlg, blue).
(E and F) Control phm > PLCd-PH-EGFP at 112 h (E) and Sema1ai at 112 h (F).
(G and H) Control Syt::GFP (G) and Sema1ai larva at 112 h (H).
(legend continued on next page)






OPEN ACCESSan increase in expression of large ribosomal RpL10Ab gene, and
this increase does not occur in Sema1ai mutants (Figure 6G).
Taken together, Sema1a mechanistically links transcription
and translation control and endocytosis at the CW checkpoint.
Upd2 and human Leptin downstream of apolpp/Sema1a
drive CW progression
The effect of upd2 was validated using three independent RNAi
lines (Figures 7A and S6A; Table S2). Like Sema1ai, phm > upd2i
larvae also show a defect in lipogenesis (Figure 7B). This defect,
together with our finding that human Leptin expressed in the PG
rescues the obese and non-pupation phenotype of upd2i larvae
(Figure 1A), supports functional homologies in the mechanisms
regulating juvenile obesity and sexual maturation. Nonetheless,
in flies, upd2 operates from the PG, whereas mammalian Leptin
actsprimarily from the adipose cells. Leptin is known tobealsoex-
pressed in the pituitary gland (Gueorguiev et al., 2001), although
whetherpituitary Leptinhasa role insexualmaturation isunknown.
Silencing upd2 in the fat body results in thinner and smaller
flies, owing to defective insulin signaling [(Rajan and Perrimon,
2012 and ppl > upd2i (Figures 7A and S6A)]. We found that simul-
taneous silencing of upd2 in the PG and fat body by mir-8-Gal4
leads to a combined phenotype: namely, the larvae do not pu-
pate, but they have less fat-body tissue (Figure S6A) as evi-
denced by their transparency.
Endogenous upd2 mutant (upd2D; Hombrı́a et al., 2005) was
rescued by overexpression of upd2 in the PG (Figure 7A). How-
ever, the rescued pupae do not progress to adulthood, indicating
that the roles of upd2 in the PG and fat body are not entirely
redundant, highlighting a more complex role of Leptin-like/
upd2 than previously anticipated.
Consistent with previous studies (Rajan and Perrimon, 2012),
larvae with reduced upd2 in the PG also show reduced ILP2
secretion (Figure 2H). However, this mild change seemed to
have no functional consequences because systemic IIS was un-
affected (Figure S6B), as seen in Sema1ai and apolppi larvae.
Likewise, as in Sema1ai and apolppi mutant larvae, expression
levels of phm and dib, as well as of E75 (Figure S6C), did not in-
crease in phm > upd2i larvae.
We found expression of upd2 (Hombrı́a et al., 2005) in the PG
by phm-Gal4 fully corrected larval obesity and maturation arrest
in Sema1ai animals (Figure 7A). We also observed that upd2
overexpression in PGs, but not in the fat body (ppl>upd2) (Fig-
ure 7A) or in muscles (twi, dmef2 > upd2) (Figure S6A), can drive
late second/early third instar larvae to prematurely wander out of
the food, 36 h earlier than control larvae (Figure 7A). These
small, non-feeding larvae die shortly after, with some having at-
tempted to initiate pupation. Thus, upd2 is both necessary and
sufficient to trigger the earliest event in the larval-pupal transi-
tion, independent of size.(I–L) Control phm>secGFP at 72 h (I) and 112 h (J), and Sema1ai larva (K) and
membranes (anti-Dlg, red).
(M) Violin plots of secGFP cytoplasmic content measured using ImageJ.
(N) Western blot of the hemolymph secGFP protein in the indicated genotypes a
(O) Whole-body 20E levels in phm> larvae and in Sema1ai and upd2i larvae at 96
(P) Schematic of ER retention/release of secGFP.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way
magnifications in I–L. All are super-resolution images.
10 Cell Reports 37, 109830, October 12, 2021Overexpression of GFP-RpL10ab in PGs failed to correct the
upd2i phenotype (Figure 7D). This shows that upd2 expression
is required for the translocation of ribosomes from the nucleus.
Consistently, expression of human Leptin along with upd2i and
GFP-RpL10Ab to visualize ribosomes fully rescued the ribo-
somal translocation (Figure 7E).
Given this finding, we wished to determine whether upd2 gene
expression might itself be a target of Sema1a-mediated CW
attainment. Indeed, expression of upd2 increases after CW,
and this increase is not seen in Sema1ai mutants, even after
12 days in the feeding stage (Figure 7F).
Mapping the role of upd2 protein across the nucleocytoplasm
is challenging, so we attempted to do so using nanobody-based
morphotrap technology (Harmansa et al., 2015) to immobilize
GFP-tagged upd2. We expected that this would tether upd2 to
the membrane, thus impeding its secretion. Surprisingly, we
found that upd2::GFP was trapped in the nuclei of PG cells (Fig-
ure 7G), and that the nanobody-based trapping of upd2::GFP led
to a non-pupating and massively obese phenotype that was
indistinguishable from phm > upd2i larvae (Figure S6A).
Together, upd2 secretion by PG cells is essential for signaling
the transition through the CW point, and important events of
the trigger for this transition are in the nucleus.
DISCUSSION
Prepubertal juveniles tend to maximize food intake to sustain
their rapid growth, and they store excess energy as fat to pro-
mote survival in times of fasting and reproductive capacity in
the adult stage (Kaplowitz, 2008; Tu and Tatar, 2003). Our
study illustrates that the defect in the decision to mature can
result as a ‘‘side effect’’ of persistent and maladaptive re-
sponses that could explain the progressive obesity associated
with failure to enter puberty in children with conditions such as
Prader-Willi syndrome or Leptin/LepR deficiency or resistance.
Specifically, our data suggest that the inability to monitor body-
fat stores in young animals not only prevents their entry into pu-
berty but also has the effect of continued fat deposition. The
inability to monitor fat stores may also explain why these ani-
mals are not satiated and show chronic feeding (Figure 7H).
Our data further highlight the potential of steroid hormone sup-
plementation to limit juvenile obesity in cases of Leptin defi-
ciency or resistance.
The steroidogenic gland as a source of Leptin-like upd2
to signal the ‘‘sufficiency’’ of body fat to initiate
maturation
The decision-making process about sexual maturation is
closely related to a nutrient-associated behavior switch that
leads to the ‘‘commitment’’ pulse of ecdysone (Berreur et al.,a phm > ppl > apolppi larva (L) at 112 h. DAPI-labeled nuclei (gray) and cell
t 112 h.
and 120 h were measured by ELISA.
ANOVA (M) and two-way ANOVA (O). Scale bars, 10 mm, except 20 mm in high
Figure 6. Regulation of PG maturation and
sexual commitment by ribosomal protein
L10Ab
(A) Interaction network for Sema1a (green). Circles
highlight genes for axonogenesis (red), translation
initiation and ribosomes (pink), and nuclear
signaling (purple).
(B–E) Super-resolution images. (B) Control PG at
112 h stained with anti-Sema1a (green). Nuclei
(DAPI, gray) and cell membranes (anti-Dlg, red).
(C–E) 3D reconstructions of GFP-RpL10Ab in con-
trol (C and D) and Sema1ai (E). Nuclear lamina (anti-
Lam Dm0, red) and nuclei (DAPI, gray).
(F) Representative animals (n = 20) are shown.
(G) qRT-PCR analysis of RpL10Ab.
Data are mean ± SEM. *p < 0.05, unpaired t test.
Scale bars, 10 mm.
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OPEN ACCESS1979; Nijhout and Williams, 1974). Our study also finds that
upd2 and its human homolog Leptin produced by the PG cells
triggers events previously attributed exclusively to the surges of
ecdysone and similar to those in mammals (Han et al., 2020).
Upd2 transcription is regulated by carbohydrates and lipids
(Rajan and Perrimon, 2012), and here we show that upd2 in-
creases upon lipid sensing in a switch-like manner at CW to
signal the end of the feeding period and initiation of maturation
along with ecdysone (Figure 7F). Importantly, both fly upd2 and
human Leptin are sufficient to cause premature cessation of
feeding by 36 h, suggesting upd2 acts upstream or in parallel
to ecdysone.
The finding that PG is important for the control of feeding, body
weight, and upd2-mediated sexual maturation and its rescue by
human Leptin is of great interest. For example, obesity and non-
pupating phm > upd2i is like that of the classical Leptin mutant
phenotype (Clément et al., 1998; Friedman and Halaas, 1998;
Montague et al., 1997). Upd2 acting in different tissues, along
with redundancy between upd genes, may explain the viabilityCeof animals with upd2 mutations, as well
as the fact that a loss of fat-body-derived
upd2 hinders the obesity effects. Another
cytokine, upd1, acting in the brain was
also proposed as the actual Leptin that in-
hibits body weight (Beshel et al., 2017).
Our data support upd2 as the fly Leptin
and identify the PG as a key site for body
weight control in juveniles.
Upd2 in the PG appears to be required
earlier than in the fat body, and this
could be a difference between our study
and previous studies. Studies by Fuji-
kawa et al. (2013) in a mouse model of
insulin deficiency diabetes suggest that
the connection between Leptin and insu-
lin could be complicated. In those mice,
LepR in GABA neurons mimicked the
antidiabetic actions of insulin. Upd2
could mimic ILP defects, but these ef-fects could occur in reality without changes in ILPs or without
acting via ILPs. Our study supports that possible scenario.
Although loss of IIS in the PG produces non-pupating pheno-
types, the phenotype of upd2i does seem to occur through
the systemic alteration of IIS because activation of IIS and
TOR at different steps of these pathways fails to rescue
pupation.
Lipid carrier apolpp and Sema1a form a bidirectional
circuit upstream of Leptin/upd2
The lipid carrier and transporters, apolpp and Fatp2, demon-
strate the fundamental role of lipids in the maturation decision-
making process. Apolpp secreted in proportion to the amount
of stored fat by fat cells (Palm et al., 2012) is a strong candidate
to directly deliver adiposity information. Uptake of apolpp by
Rab5-mediated endocytosis is fundamental for the decision to
enter metamorphosis. Furthermore, downstream of this event
is a dramatic remodeling of endomembrane that occurs at the
CW transition.We reasoned that the entry of lipids and/or apolppll Reports 37, 109830, October 12, 2021 11
Figure 7. Upd2 acts downstream of the apolpp/Sema1a/RpL10Ab axis
(A) Shown are representative animals (n = 20 per genotype) of indicated genotypes and ages. The upd2 RNAi lines are RNAi#1 (HMS00901, BDSC #33949),
RNAi#2 (5988R-1), and RNAi#3 (5988R-3).
(B) Heatmap of qRT-PCR data.
(C–E) 3D reconstructions of GFP-RpL10Ab in control (C), upd2i (D), and Leptin > upd2i (E). Cell membranes (anti-Dlg, red).
(F) upd2 transcript levels measured by qRT-PCR.
(G) 3D reconstruction of a PG cell with overexpression of upd2 and morphotrap (phm > upd2::GFP > VHH-GFP4::CD8::mCherry). Nuclei (DAPI, gray) and cell
membranes (anti-Dlg, red).
(H) Model for two-way communication between adipose tissue and PG for sexual maturation commitment. Upon Rab5-dependent macropinocytosis and
endocytosis uptake of lipids/apolpp and other circulating proteins and nutrients, Sema1a at the PG triggers events leading to acquisition of high biosynthetic and
secretory capacity via nucleocytoplasmic traffic and of ribosomes maturation. Data are mean ± SEM. *p < 0.05, unpaired t test. Scale bars, 10 mm.
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Alternatively, apolpp may serve only as a scaffold to transport
lipids or lipophilic signals into the PG cells without the need to
interact with the Sema1a-dependent sensor. Sema1a at the nu-
clear membrane could ‘‘sense’’ variations in the composition of
the membrane because of the incorporation of lipids, leading
to the transport of ribosomes across the nuclear pores. Once12 Cell Reports 37, 109830, October 12, 2021the ribosomes are assembled in the ER, the PG cells can acquire
a high biosynthetic activity to produce high levels of Halloween
genes and upd2 and other genes. At the same time, changes
in the ER membranes (probably also as a result of lipid incorpo-
ration) could release the ‘‘brake’’ and initiate secretion. We hy-
pothesize that these events enable the production of peaks of
ecdysone and upd2 (Figure 7H).
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endomembrane remodeling
Much of the work on CW has focused on the regulation of the
expression of Halloween genes (Yamanaka et al., 2013) and
the mechanisms of ecdysone secretion (Yamanaka et al.,
2015). We extend these findings showing how nutrition may
trigger the secretory activity of the gland upstream of these
events and how secretion and biosynthesis are coupled.
Super-resolution imaging of PG uncovers that a signal retains
newly synthesized proteins, and probably other cargo in the ER
before CW, also revealing that gland cells are secretion incom-
petent at this stage and had low biosynthetic activity (Figure 5P).
We also document dramatic remodeling in the ER preceding the
acquisition of high secretory activity consistent with earlier ultra-
structural studies (Aggarwal and King, 1969; Dai and Gilbert,
1991). These earlier observations also hinted that pre-CW is
dominated by macropinocytosis, a regulated form of endocy-
tosis. It seems logical that PG cells prioritize the uptake of circu-
lating secreted factors, lipid particles, and other nutrients, until
they are capable of synthesizing large amounts of hormone to
produce peaks (rather than tonic release) of hormones. Our
data uncover a secretion ‘‘brake’’ that prevents the trafficking
of secretory and membrane proteins and other cargo from the
ER to the plasma membranes, which is Sema1a dependent. In
mammals, pulsatile hormone release is critical for the proper
function of the maturation axis, as well as the reproductive axis
in adults.
Nuclear Sema1a and nucleocytoplasmic transport for
signaling ecdysone synthesis
Peripheral fat levels are ultimately sensed in the nucleus, where
the transcription of ecdysone biosynthetic genes begins. Inter-
estingly, nucleocytoplasmic transport precedes, and is a prereq-
uisite for, ecdysone biosynthesis (Figure 1I). Inmice, mutations in
Sema4A result in defects in protein trafficking, leading to retinal
degeneration (Nojima et al., 2013). This suggests that trafficking
may be a conserved role of semaphorins.
Sema1a is in the nuclear envelope, which is in a continuum
with the ER, the Golgi apparatus, and lysosomes, and it commu-
nicates with the plasma membrane via endocytosis and exocy-
tosis. Using aGFP-fused RpL10Ab, we discovered regulated nu-
cleocytoplasm trafficking of immature ribosome at the CW
transition, which is blocked in the Sema1a and apolpp defi-
ciency, as well as in upd2 mutants, as seen clearly in the upd2i
unrescued animals. RpL10Ab-apolpp highlights the importance
of lipid transport for nucleocytoplasmic trafficking and ribosome
maturation as key events for the sexual maturation decision-
making process (Figure 7H).
Not only Sema1a but also human SEMA3E, SEMA4A, and
SEMA6A are prominently localized to the nucleus and in discrete
puncta in the ER (Thul et al., 2017). Moreover, fat sensors are
often multi-pass membrane proteins (Holmer and Worman,
2001; Romanauska and Köhler, 2018), and Sema1a has two
predicted transmembrane domains (https://www.uniprot.org/
uniprot/Q24322). We speculate that lipid-sensing mediating pro-
teolysis or rotation along the membrane could facilitate traf-
ficking of Sema1a or other semaphorin proteins from the nuclear
membrane to the ER as we had seen post-CW.Recently, it has been shown that the inner nuclear membrane
is an active metabolic site for phospholipid synthesis and sen-
sors (Holmer and Worman, 2001). Nuclear integral transmem-
brane proteins are synthesized in the ER and may diffuse freely
from the ER to the inner nuclear membrane, where they are re-
tained through association with nuclear ligands (Romanauska
and Köhler, 2018). We hypothesized that ‘‘activation’’ of Sema1a
may occur only when it is released from the nuclear membrane.
More speculatively, this activation may be direct via an apolpp,
because Sema1a and apolpp proteins physically interact in em-
bryos (Rees et al., 2011).
Long-chain fatty acid transport and CW attainment
Lipids are essential components of cell membranes, and lipid
changes during development, at both the organism (Guan
et al., 2013) and organ level (Carvalho et al., 2012), but informa-
tion about lipid composition in the PG was not resolved in those
studies. Fatp2 transports long-chain fatty acid and is shown here
to be essential for the larval-to-pupal transition. In mammalian
cells, FATP-dependent uptake of lipids occurs in response to in-
sulin, providing a possible link between IIS/TOR and apolpp/
Sema1a-mediated processes.
Diet is known to impact lipid composition (Carvalho et al.,
2012) and, consistent with our data, Musselman et al. (2011)
reported that feeding larvae with a fat-rich diet, but not a high-
sugar or protein-rich diet, slightly accelerates metamorphosis.
Dietary lipids are transported by lipophorin particles, which ex-
plains how apolpp influences the onset of maturation.
Collectively, our data firmly link thematuration decision-making
process to fat sensing and some forms of juvenile obesity.
Because SEMA3 variants occur in morbid obesity and affect the
development or maturation of hypothalamic circuits in fish (van
der Klaauw et al., 2019), our findings may go beyond Drosophila.
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D. melanogaster: UAS-PLCd-PH-EGFP BDSC 39693
D. melanogaster: UAS-Rab5.S43N BDSC 42703
D. melanogaster: UAS-Rab5-YFP BDSC 24616
D. melanogaster: UAS-RasV12 BDSC, Karim and Rubin, 1998 64196
D. melanogaster: UAS-Rheb BDSC 9688
D. melanogaster: UAS-RpL3.FLAG BDSC 79223
D. melanogaster: UAS-RpS13.FLAG BDSC 79222
D. melanogaster: UAS-S6K BDSC 6910
D. melanogaster: UAS-S6KTE BDSC 6912
D. melanogaster: UAS-secGFP Marcos Gonzalez-Gaitan, Entchev
et al., 2000
N/A
D. melanogaster: UAS-Sema1aECD BDSC 65739
D. melanogaster: UAS-Sema1aFL BDSC 65734
D. melanogaster: UAS-Sema1aIC BDSC 65737
D. melanogaster: UAS-slifUY681 BDSC 52655
D. melanogaster: UAS-Syt::GFP BDSC 6925
D. melanogaster: 20XUAS-tdTomato-Sec61beta BDSC 64747
D. melanogaster: UAS-upd2 James Castelli, Hombrı́a et al., 2005 N/A
D. melanogaster: UAS-upd2::GFP James Castelli, Hombrı́a et al., 2005 N/A
D. melanogaster: UAS-VHH-GFP4::CD8::mCherry Markus Affolter, Harmansa et al.,
2015
N/A
D. melanogaster: UAS-Ilp8i VDRC v102604
D. melanogaster: UAS-Pteni VDRC v101745
D. melanogaster: UAS-RpL10Abi BDSC 34695
D. melanogaster: UAS-RpS3i BDSC 31625
D. melanogaster: UAS-RpS6i BDSC 32418
D. melanogaster: UAS-RpS13i BDSC 34820
D. melanogaster: UAS-TORi BDSC 33951
D. melanogaster: UAS-TORi BDSC 34639
D. melanogaster: Sema1aP2 Liqun Luo, Yu et al., 1998 N/A
D. melanogaster: Sema1aMI00031-GFSTF.2 BDSC 60140
D. melanogaster: upd2D3-62 James Castelli, Hombrı́a et al., 2005 N/A
D. melanogaster: torRL3 Jordi Casanova, Sch€upbach and
Wieschaus, 1989
N/A
D. melanogaster: w1118 Morante lab N/A
Deposited data
1H NMR This study https://doi.org/10.5281/zenodo.5520983
WB This study https://doi.org/10.17632/t946n47rtk.1
(Continued on next page)





REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides
RT-qPCR primers This study See Table S6
Software and algorithms
ZEN blue 2.3 Zeiss N/A
ImageJ/Fiji NIH N/A
Prism8 GraphPad Software N/A
Photoshop CS5 Adobe N/A
Illustrator CS5 Adobe N/A
Microsoft Word 2016 Microsoft Corporatsion N/A
Microsoft Excel 2016 Microsoft Corporation N/A
Cytoscape 3.8.0 Cytoscape Consortium N/A
Other
Zeiss LSM 880 confocal microscope with Airyscan Zeiss N/A
Leica TCS SP2 confocal microscope Leica N/A
ABI7500 apparatus Applied Biosystems N/A
Bruker Ultrashield Plus 600 MHz spectrometer Bruker Corporation N/A





Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Javier
Morante (j.morante@umh.es).
Materials availability
This study did not generate new unique reagents
Data and code availability
d Original western blot image has been deposited at Mendeley and is publicly available as of the date of publication. Integration
peaks of 1H nuclear magnetic resonance spectroscopy (NMR) data have been deposited at Zenodo. Both DOIs are listed in the
Key resources table. Super-resolution microscopy data reported in this paper will be shared by the lead contact upon request.
d This paper does not report original code.
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila Husbandry
Fly stocks used in this study were: mir-8NP5247-Gal4 (DGRC #104917), NP2222-Gal4 (DGRC #112830), phm22-Gal4 (a gift from K.
Rewitz), ppl-Gal4 (BDSC #58768), twi, dmef2-Gal4 (a gift from A. Carmena), spok-Gal4.1.45 (BDSC #80578), tub-Gal80ts (BDSC
#7019), EP-RpLP0-like (BDSC #27939), UAS-apolpp-HA (Brankatschk and Eaton, 2010; a gift from M. Brankatschk), UAS-GFP-
RpL10Ab (BDSC #42681), UAS-H2B::YFP (Bellaı̈che et al., 2001), UAS-Leptin (Rajan and Perrimon, 2012; a gift from N. Perrimon),
UAS-mCD8::GFP (BDSC #5137), UAS-PLCd-PH-EGFP (BDSC #39693), UAS-Rab5.S43N (BDSC #42703, also called Rab5DN), UAS-
Rab5-YFP (BDSC #24616), UAS-RasV12 (BDSC #64196), UAS-Rheb (BDSC #9688), UAS-RpL3.FLAG (BDSC #79223, Chen and
Dickman, 2017), UAS-RpS13.FLAG (BDSC #79222; Chen and Dickman, 2017), UAS-S6K (BDSC #6910), UAS-S6KTE (BDSC
#6912), UAS-secGFP (Entchev et al., 2000; a gift from M. Gonzalez-Gaitan), UAS-Sema1aECD (BDSC #65739), UAS-Sema1aFL
(BDSC #65734), UAS-Sema1aIC (BDSC #65737), UAS-slifUY681 (BDSC #52655, also called slifANTI), UAS-Syt::GFP (a gift fromB. Has-
san), UAS-tdTomato-Sec61b (BDSC #64747, (Summerville et al., 2016), UAS-upd2 (Hombrı́a et al., 2005, a gift from J. Castelli), UAS-
upd2::GFP (Hombrı́a et al., 2005, a gift from J. Castelli), UAS-VHH-GFP4::CD8::mCherry (Harmansa et al., 2015, a gift from M.
Affolter), UAS-Ilp8i (VDRC, kk112161, v102604), UAS-Pteni (VDRC, kk109278, v101745), UAS-RpL10Abi (HMS01174, BDSC
#34695), UAS-RpS3i (JF01410, BDSC #31625), UAS-RpS6i (HMS00413, BDSC #32418), UAS-RpS13i (HMS00135, BDSCCell Reports 37, 109830, October 12, 2021 e3
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OPEN ACCESS#34820), UAS-TORi RNAi#1 (HMS00904, BDSC #33951), UAS-TORi RNAi#2 (HMS01114, BDSC #34639), Sema1aP2 (Yu et al., 1998,
a gift from L. Luo), Sema1aMI00031-GFSTF.2 (BDSC #60140), upd2D3-62 (Hombrı́a et al., 2005, a gift from J. Castelli), torRL3 (Sch€upbach
and Wieschaus, 1989, a gift from J. Casanova) and w1118.
Flies were reared in standard ‘‘Iberian’’ fly food at 25C on a 14:10 h light:dark cycle (surrogate of laboratory summer time). Stan-
dard ‘‘Iberian’’ fly food was made by mixing 15 L of water, 0.75 kg of wheat flour, 1 kg of brown sugar, 0.5 kg yeast, 0.17 kg agar,
130 mL of a 5% nipagin solution in ethanol, and 130 mL of propionic acid.
Screenings of Nutrient Transporters, Secreted and Transmembrane Factors by RNAi
The lists of RNAi transgenes (Dietzl et al., 2007; Ni et al., 2011) used are in Tables S1 and S2 (in red, lines producing phenotype).
METHOD DETAILS
Measurement of the Developmental Timing of Pupation
We crossed 20–30 females and 20–30males. After 24–48 hours, flies were transferred to grape juice agar plates with yeast paste and
left for 4 hours to allow egg deposition. Parental flies were removed, and laid eggswere incubated for 48 hours at 25C. Second-instar
larvae were transferred onto 5 mL of Drosophila standard ‘‘Iberian’’ food (20 larvae per tube) and reared at 25C. A survey of the pu-
pae was performed at 8-hour intervals; 2-4 hours after initiation of egg laying was considered time ‘‘0’’ and referred to as ‘‘after egg
laying (AEL).’’ For the developmental time-course analysis of ring glands using super-resolution imaging, survey of L2/L3 molting
timing was used for carefully stage of the gland (n R 15 gland per time point).
Immunohistochemistry in Larval Imaginal Discs, Fat bodies and Brains
Control (at 112 hours AEL) and mutant (at 112 and 256 hours AEL) larval brains, fat bodies and imaginal discs were dissected out in
cold Phosphate-buffered saline (PBS) buffer and fixed in 4% paraformaldehyde for 20 minutes (Morante and Desplan, 2011). Brains,
fat bodies and imaginal discs were stained overnight at room temperature with the following primary antibodies: mouse anti-Dlg 4F3
(1/100, DSHB), mouse anti-fibrillarin 38F3 (1/500, ThermoFisher), mouse anti-Lam Dm0 ADL84.12 (1/200, DSHB), mouse anti-Wg
4D4 (1/100, DSHB), rabbit anti-Apolpp (1/500 (Kutty et al., 1996), a gift from J. Culi), rabbit anti-ILP2 (1/500; Bader et al., 2013), rabbit
anti-Sema1a (1/5000 (Yu et al., 1998), a gift from A. Kolodkin), and rat anti-DE-Cad DCAD2 (1/50, DSHB). Secondary antibodies were
purchased from Invitrogen and Jackson ImmunoResearch. Fat bodies in Figure S4 were also incubated for 1 hour at 1:40 dilution of
PBS with Phalloidin 633 (ThermoFisher, A22284) at room temperature.
Super-resolution Confocal Imaging of Larval Brains, Fat Bodies and Prothoracic Gland Cells
Larval brains and fat bodies were mounted in Vectashield mounting medium with DAPI (H-1200, Vector Labs), maintaining their 3D
configuration (Morante andDesplan, 2011). Imaginal discsweremountedwith DAPI-Fluoromount-G (17984-24, ElectronMicroscopy
Sciences). Imageswere obtained on a Leica TCSSP2 confocal microscope and a Zeiss LSM880 confocal microscopewith Airyscan,
a module for super-resolution based on an array detector with laser scanning confocal microscopy.
Neutral Lipid Staining and Quantification in Larval Brains
To label neutral lipids, after incubating with corresponding secondary antibodies, larval brains were rinsed three times with PBS, and
then incubated for 40 min at 1:500 dilution of PBS with 1 mg/ml Nile Red (Sigma-Aldrich). Image acquisition used identical laser po-
wer and scan settings for any conditions and time points. ImageJ software was used to measure total fluorescent intensity at 555 nm
across larval brains.
Bromophenol Blue Incorporation
Bromophenol blue (30,300,50,500-tetrabromophenolsulfonphthalein) was dissolved in standard ‘‘Iberian’’ fly food. Control feeding (phm
>+ at 48 h AEL) andmutant larvae (phm>Sema1ai at 240 h AEL) were transferred to fly foodwith bromophenol blue and incubated for
24 hours.
a-Ecdysone and 20-Hydroxyecdysone (20E) Treatments
Second-instar larvae (48 h AEL) were collected as described above and transferred to fresh Iberian food. Control (phm > +) and
mutant larvae (phm > Sema1ai) were transferred to fresh food with 0.5 mg/mL of a-ecdysone (E9004, Sigma-Aldrich) or 20-hydrox-
yecdysone (H5142, Sigma-Aldrich) diluted in ethanol at 72 hours and 256 hours AEL. We used ethanol as a control (vehicle for
a-ecdysone and 20-hydroxyecdysone).
Hemolymph Sample Preparation
Larvae were rinsed in PBS and dried in tissue paper. Then they were individually immersed in Schneider’s medium and their cuticles
carefully torn to release the hemolymph. Total hemolymph of 15 larvae (three replicates from control and mutant animals) was stored




Whole-larvae from 20 control (phm > ) or mutant (phm > Sema1ai and phm > upd2i) from 96 hours and 120 hours AEL were collected
and preserved as described in Koyama andMirth (2021). 20E titers were measured by ELISA in duplicate following the instructions of
a commercially-available 20-Hydroxyecdysone enzyme immunoassay kit (Bertin Pharma #A05120.96 wells). Absorbance was
measured at 410 nm on an Infinite M200 Pro Microplate Reader (Tecan, Männedorf, Switzerland) using Software i-control 1.6.
Metabolomic Footprinting
Metabolites were quantified using proton nuclear magnetic resonance (NMR) spectroscopy. Twenty frozen larvae (80C) (six rep-
licates) were placed on ice and allowed to thaw for 5min. 240 mL ofmethanol, 48 mL of deionizedwater and 200 mL of chloroformwere
added at 4C. After 10 min, samples were homogenized with a small plastic pestle for 2 min and resuspended with a pipette. For
uniform cell breakage, the samples were placed in liquid nitrogen for 1 min and then allowed to thaw on ice for 2 min. This step
was repeated twice more. Afterward, 120 mL of deionized water and 120 mL of chloroform at 4C were added, and the samples vor-
texed. Then the samples were centrifuged at 10,000 g for 15 min at 4C to allow phase separation into an aqueous (top) and an
organic phase (bottom), containing polar and non-polar compounds, respectively. Each phase was transferred to different tubes,
and the remaining solvent from the other phase discarded. The aqueous phase was lyophilized overnight to remove water andmeth-
anol. Nitrogen gas was used to remove the chloroform of the organic phase. Extracts were stored at 80C until NMR sample prep-
aration and measurement.
For NMR analysis, samples were placed on ice and allowed to thaw for 5 min. Then 550 ml of phosphate buffer (100 mM Na2HPO4
pH 7.4, in 100% D2O) containing 0.1 mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP), as internal standard, was
added to the aqueous phase. The samples were resuspended and the supernatants transferred into a 5-mm NMR tube. The organic
phase was dissolved in 600 ml of deuterated chloroform (CDCl3) with 0.0027% tetramethylsilane (TMS) as the internal standard. Sam-
ples were vortexed, transferred into a 5 mm NMR tube and the tube sealed.
Samples were analyzed on a Bruker Ultrashield Plus 600 MHz spectrometer equipped with a 5 mm TCI Cryoprobe. For aqueous
samples, a 1D NOESY pulse sequence with water pre-saturation and gradients, with a 12016 Hz spectral width, 65536 data points,
acquisition time of 2.7 s, relaxation delay of 4 s and 400 scans was acquired at 27C. For organic samples, a standard 1D 1H pulse
sequence, with a 12016 Hz spectral width, 65536 data points, acquisition time of 2.7 s, relaxation delay of 4 s and 128 scans was
acquired. Spectra were processed with exponential line broadening to 0.5 Hz and zero filling to 128000 points was acquired at
25C. Total correlation spectroscopy (TOCSY) and multiplicity heteronuclear single quantum correlation (HSQC) were performed
for representative samples of the aqueous phase and the organic phase from both sample types for signal assignment. For each
of these experiments, 256–512 t1 increments were used and 32–96 transients were collected. The relaxation delays were set to
1.5 s and the experiments were acquired in the phase-sensitive mode. TOCSY spectra were recorded using a standard MLEV-17
pulse sequence with mixing times (spin-lock) of 65 ms.
Following Fourier transformation, 1D spectra weremanually phased, baseline-corrected and referenced to the TSP peak (aqueous
phase, 0.00 ppm) or the TMS peak (organic phase, 0 ppm) using MestReNova 8.1. Metabolite identities were assigned by compar-
ison to reference values for chemical shift andmultiplicity, and confirmed by comparison to spectra of pure compounds in the Human
Metabolome database (Wishart et al., 2013).
Integration tables and lipid level data (Tables S4 and S5) were normalized to total intensity of the NMR spectra, which represents
the total amount of aqueous or lipidic metabolites, respectively, scaled to unit variance and mean centered. For quantitative com-
parison, metabolite signals were integrated with MestReNova 8.1 using the GSD deconvolution option. The integration tables for
the metabolomics data were deposited at Zenodo repository (https://doi.org/10.5281/zenodo.5137738).
Quantitative RT-PCR
To assess mRNA levels, total RNA was extracted from five Drosophila larvae using the RNeasy-Mini Kit (QIAGEN). To remove
contaminating DNA, RNA was treated with RNase Free DNase Set (QIAGEN). cDNA was synthesized with the SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen) using random oligo-dT primers (Invitrogen). Quantitative real time PCR
was performed using SYBR Green PCR Master Mix (Applied Biosystems) with gene-specific primers, on an ABI7500 apparatus
(Applied Biosystems). Normalization was done using the ribosomal gene RP49 and/or b-actin (Figure S5A). Comparative qPCRs
were performed in triplicate and the relative expression was calculated using the comparative Ct method. The primer sequences
used for this study are given in Table S6.
Western Blot
For western blot, hemolymph samples were collected from 20 larvae in a protease inhibitor solution (1X cOmplete Mini EDTAfree
protease inhibitor cocktail (Sigma-Aldrich)) diluted in PBS). Protein concentration of samples were determined using BCA Protein
Assay Kit (Pierce). 20 mg of protein was separated for each sample on a 4%–12% SDS-PAGE gel and transferred to a PVDF mem-
brane (InmovilonP Transfer membranes, Millipore). Blot membrane was incubated in Ponceau S staining solution for 3 minutes at
room temperature and then rinsed with distilled water. An image of this staining was taken as loading control.
Blot membrane was blocked (0.1% Tween20 in PBS supplemented with 3% BSA) for 1 hour at room temperature, and then
incubated overnight at 4C with a rabbit antibody against GFP (Abcam Ab290) in a 1:1000 dilution (in 0.1% Tween20 in PBSCell Reports 37, 109830, October 12, 2021 e5
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OPEN ACCESSsupplemented with 3%BSA). Next day,membranewas incubated in HRP-conjugated rabbit a-IgG (Sigma-Aldrich) in a 1:20.000 dilu-
tion (in 0.1% Tween20 in PBS supplemented with 3% BSA). Protein was detected using the chemiluminescent substrate ECL
(Pierce).
QUANTIFICATION AND STATISTICAL ANALYSIS
Measurements of GFP, ILP2, Apolpp Content, and Imaginal Disc and Vesicle Size
Fluorescence intensity measurements were performed using ImageJ analyses of cytoplasmic GFP or Apolpp staining in the corre-
sponding tissues from carefully staged larvae reared at 25C (nR 100 ROI (Regions of interest) and > 5 larvae per genotype or con-
dition or time-point). Plot in Figure 5M represents integrated density (area 3 mean ROI pixel intensity) between control and obese
mutant larvae.
Larval imaginal wing disc areas were measured using ImageJ.
Cholesterol Quantification
Cholesterol levels in wandering control (phm > at 112 h AEL) and mutant larval (phm > Sema1ai at 112 h and 256 h AEL) brains, fat
bodies and hemolymphs (three replicates of 15 animals per group) were determined using the Amplex Red Cholesterol Assay Kit
(ThermoFisher Scientific) according to the manufacturer’s directions.
Glucose Measurement
Glucose levels in wandering control (phm > at 112 h AEL) and mutant larval (phm > Sema1ai at 112 h and 256 h AEL) hemolymphs
(three replicates of 15 animals per group) were determined using the GAHK20 Glucose Assay kit (Sigma-Aldrich), according to the
manufacturer’s directions.
Weight and Size Measurements
For weighing larval flies, 30-45 larvae of each genotype were collected at required developmental stages and weighed using a pre-
cision scale.
For larval and pupal volume determination, 10 larvae and pupae of each genotype were collected and photographed with
their dorsal side up, and length and width were measured using ImageJ. Volume was calculated according to the following formula
v = (4/3) p(L/2)*(w/2)2 (L, length; w, width).
DNA Quantification and Nuclear Size of PG Cells
To measure DNA density in PG and nuclear area of the cells, super-resolution z stacked images of DAPI-stained PG glands were
obtained. The reference diploid (2n) was the DNA staining intensity value in brain lobe cells. The intensity of DNA staining in PG
was divided by the intensity in the brain lobe. Quantifications were performed per nuclei (individual ROI). After 2n background sub-
traction, the C value of the control PG cells at 112 h AEL was normalized at 64C according to (Ohhara et al., 2017; Welch, 1957).
ImageJ software was used to quantify the intensity of DAPI.
Statistical Analysis
All statistical analyses were performed using GraphPad Software 8.0 with a 95% confidence limit (p < 0.05). The experimental data
are presented as means ± SEM using a one-way or two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test for
comparing more than two genotypes and time-points. An unpaired t test was used for comparisons between two genotypes or time-
points.e6 Cell Reports 37, 109830, October 12, 2021
